A major goal of plant reproduction research is to understand and overcome hybridization barriers so that the gene pool of crop plants can be increased and improved upon. After successful pollen germination on a receptive stigma, the nonmotile sperm cells of flowering plants are transported via the pollen tube (PT) to the egg apparatus for the achievement of double fertilization. The PT path is controlled by various hybridization mechanisms probably involving a larger number of species-specific molecular interactions [1, 2] . The egg-apparatus-secreted polymorphic peptides ZmEA1 in maize [3] and LURE1 and LURE2 in Torenia fournieri [4] as well as TcCRP1 in T. concolor [5] were shown to be required for micropylar PT guidance, the last step of the PT journey. We report here that ZmEA1 attracts maize PTs in vitro and arrests their growth at higher concentrations. Furthermore, it binds to the subapical region of maize PT tips in a species-preferential manner. To overcome hybridization barriers at the level of gametophytic PT guidance, we expressed ZmEA1 in Arabidopsis synergid cells. Secreted ZmEA1 enabled Arabidopsis ovules to guide maize PT in vitro in a species-preferential manner to the micropylar opening of the ovule. These results demonstrate that the egg-apparatus-controlled reproductive-isolation barrier of PT guidance can be overcome even between unrelated plant families.
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Results and Discussion

Mature ZmEA1 Attracts and Arrests Maize Pollen Tubes In Vitro and Binds to the Subapical Region of their Tips
The last phase of pollen tube (PT) growth and guidance is controlled by the female gametophyte in angiosperms and requires species-preferential chemotropic guidance molecules [1, [6] [7] [8] . Maize ZmEA1 was the first identified signaling molecule accomplishing the properties of a female-gametophyte-derived PT attractant. ZmEA1 (Zea mays egg apparatus 1) is an intronless single gene specifically expressed in the egg apparatus (egg and synergid cells) of maize and encodes a hydrophobic precursor protein of 94 amino acids (of which 47 are hydrophobic) with a predicted N-terminal transmembrane domain. It has been shown that ZmEA1 is a member of a novel class of polymorphic small proteins; it is secreted from the egg apparatus toward the cell walls of micropylar nucellar cells, and its knockdown impairs micropylar PT guidance in maize [2, 3] . Studying female-gametophyte-controlled PT attraction in planta is very difficult because the cells of the egg apparatus are deeply embedded in the maternal tissues of the ovule. Therefore, an in vitro PT guidance assay was established with a synthetic ZmEA1 peptide. An N-terminal-cleaved, 49 amino acid oligopeptide predicted to represent the mature ZmEA1 was chemically synthesized and was used unlabeled or labeled with fluorophore DyLight 488 NHS Ester or mixed with Alexa Fluor 488 Dye so that its tropism effect on in vitro germinated and grown maize PTs could be studied. The usage of a semi-in-vivo guidance assay that has been previously used for visualizing micropylar PT growth in Arabidopsis [9] could not be used for maize PTs, which ceased to grow around 1 mm before cut silk ends (data not shown). This finding is similar to earlier observations made by [10] , which shows that injured transmitting tracts lead to the inability of PTs to pass their destroyed tissue. Moreover, we have tried several published methods, including the bead method such as in [4] and the chemotropism assay such as in [11] , for the in vitro attraction assay. None of these methods worked because the hydrophobic ZmEA1 synthetic peptide of 49 amino acids (of which 26 are hydrophobic) precipitated in beads and was therefore probably unable to diffuse in sufficient amounts into the medium and to build the gradient necessary for PT attraction (data not shown). Hence, we developed an in vitro PT guidance assay in which ZmEA1-containing droplets were placed in front of PT tips by micromanipulation. An experiment was considered successful when the droplet was deposited at a distance less than 100 mM away from the PT tip. This was the maximum distance observed for maize PT attraction in vitro [3, 8] . As shown in Figure 1 , synthetic ZmEA1 was capable of directly attracting in vitro germinated and grown maize PTs at a concentration of <10 mM. In general, we found that fluorescence signals derived from ZmEA1 labeled with DyLight were visible up to 5 min after application. ZmEA1 formed aggregates after droplet release, indicating that the amount diffusing from the droplet into the medium and thus the true concentration of the attraction signal was probably significantly lower than 10 mM of the droplet. PT growth behavior was monitored for at least 2 hr. A total of 26.6% (n = 8) of monitored PTs (n = 30) changed growth direction toward the region containing ZmEA1 droplet placement ( Figures 1A and 1B ). PTs were counted as positive when they changed growth direction by at least 20 and grew into the area of droplet placement. On average, PTs required between 10 and 29 min before a clear change in growth direction was visible, as shown in Figures 1C and 1D . PTs continued to grow ( Figure 1E ) and stopped growing after reaching the area of ZmEA1 droplet placement ( Figure 1F ). They remained intact for more than 60 min (data not shown), which was visible by active cytoplasmic streaming. Thus, in addition to its known role as an attractant [3] , ZmEA1 might possess an additional function, namely to arrest PT growth at high concentrations (up to 10 mM in our experiments). None of the monitored maize PTs (n = 12) was attracted or arrested by other small proteins such as chemically labeled trypsin inhibitor (TI) from soybean (Figures S1A-S1C, available online). To prove ZmEA1 binding to PTs and to study their localization at the PT surface, we incubated maize PTs with the same chemically labeled ZmEA1. ZmEA1 mainly accumulated behind the PT apex-at *Correspondence: mihaela.marton@biologie.uni-regensburg.de the apical flank and subapical membrane domains-but not at the very tip of maize PTs ( Figures 1G and 1H ). PTs follow chemical gradients by rapidly reorienting their growth. They achieve this change by the reorganization of the motion pattern of vesicles and of the actin cytoskeleton at the subapical region [12] , where ZmEA1 was also found to bind. This behavior was species preferential given that ZmEA1 binding has not been observed when PTs of Nicotiana benthamiana were incubated with a labeled ZmEA1 peptide with the same concentration and conditions ( Figure 1I ). In contrast, labeled TI was found to bind rather nonspecifically to the whole surface of Nicotiana benthamiana PTs (Figures S1E and S1F) but was unable to bind to maize PTs ( Figure S1D ).
After binding, ZmEA1 most likely becomes internalized, as shown by the occurrence of internal granules containing DyLight-labeled ZmEA1 at the tip of maize PTs ( Figure 1J ) or in larger amounts in the center of PTs ( Figure 1K ). Thirty minutes later, after internalization, the fact that fluorescence signals could no longer be detected indicated that ZmEA1 had probably been rapidly degraded ( Figure 1L ). This finding is similar to other reproductive proteins, such as Nicotiana S-RNase and lily SCA (stigma/stylar cysteine-rich adhesin), that are secreted from female tissues of plants and that have been shown to be internalized by PTs and sometimes sequestered into storage or degradative organelles [13, 14] . Although the exocytic and endocytic events during PT growth are still not precisely understood and described, the common view is that the prominent endocytic activity occurs at the subapical membrane domain [15, 16] . ZmEA1 might be internalized as a signal molecule by receptor-mediated endocytosis.
ZmEA1-GFP Fusion Proteins are Predominantly Localized to the Filiform Apparatus, the Secretory Zone of Synergids Cells in Arabidopsis Ovules
Because of the technical difficulties associated with the above-described experimental in vitro system and the low number of PTs that could be observed and with the additional aim of attracting maize PTs by using ovules of an unrelated plant species, we first studied whether it would be possible to secrete ZmEA1 from the female gametophyte cells of the model plant Arabidopsis thaliana. Several Arabidopsis plant lines were generated to express a ZmEA1-GFP fusion protein under the control of the synergid-, egg-, and central-cellspecific promoters MYB98 [17] , EC1 [18] , and DD65 [19] , respectively. Although transcripts were detected in all transgenic lines generated independently of the promoters used (data not shown), fluorescence signals could be detected only in the lines in which the ZmEA1-GFP fusion protein was expressed under the synergid-cell-specific promoter MYB98. Here, microscopy analysis of 18 independent lines showed fluorescence signals most strongly in the filiform apparatus (Figures 2A-2D ), a thickened extracellular structure generated by cell-wall invaginations of both synergid cells. This apoplastic structure seems to play an important role in PT guidance and reception because it can take up and export vesicle contents-such as PT attractant(s)-secreted by the synergid cells [17, 20] . Thus, the ZmEA1-GFP fusion protein seems to be secreted via the secretory pathway. Inside synergid cells, the fusion protein was mainly visible in small vesicles of unfertilized Arabidopsis ovules ( Figure 2C ). Expression of free GFP under the control of the MYB98 promoter showed fluorescence signals exclusively in the cytoplasm and nuclei of synergid cells ( Figures 2E and 2F and Figure S2D ). This result supports a previous presumption that, similar to follicle cells in mammals, synergid cells might contain cell-type-specific secretion machinery and function as the ''glandular cells'' of the female gametophyte [21] . The rapid loss of GFP signal already 24 hr after in vitro pollination in maize ovules suggests that proteolysis might be a regulatory pathway for degrading ZmEA1 after fertilization so that, most likely, polyspermy can be avoided. This feature is considered a major characteristic of a PT attractant derived from the female gametophyte [3, 22] . In Arabidopsis, ZmEA1-GFP fluorescence signals could be detected at the micropylar region in developing seeds at least 2 days after fertilization until signals disappeared (data not shown), indicating that ZmEA1 is not actively degraded in this species. We have previously mapped the transcription start point of ZmEA1 [3] and indicated that the predicted mature 49 amino acid peptide (sEA1, Figure S2A ) is generated from a 94 amino acid precursor protein containing a hydrophobic transmembrane region that probably represents an internal signalrecognition motif. However, grass genome annotations have predicted shorter EA1 precursor proteins, such as a 76 amino acid protein (spEA1) with an N-terminal signal sequence (Figure S2A) . We have therefore also expressed and localized the shorter ZmEA1 variant (spEA1) in Arabidopsis ovules and detected its GFP-fusion protein mainly in the filiform apparatus as well as inside synergid cells in small vesicles ( Figures S2B  and S2C ) similar to the longer version of the protein. However, in contrast to the ZmEA1-GFP fusion protein, a number of larger aggregates were formed in spEA1-GFP-expressing synergid cells. The presence of ZmEA1-GFP or spEA1-GFP fusion proteins in Arabidopsis ovules has been confirmed by immunoblot analyses ( Figure S2E ).
Maize PTs are Attracted In Vitro by Arabidopsis Ovules Expressing ZmEA1-GFP Fusion Protein in Synergids Cells
In order to compare attraction of maize PTs by unfertilized wild-type (WT) Arabidopsis ovules and ovules expressing a ZmEA1-GFP fusion protein driven by the synergid-cellspecific MYB98 promoter, we established a PT competition assay (PTCA). For each experiment, one WT and one ZmEA1-GFP-expressing Arabidopsis ovule were placed close to each other and at the same distance (up to 100 mm) from an actively growing maize PT. PT growth behavior was monitored for at least 2 hr.
Remarkably, more than 51% (n = 17) of all monitored maize PTs (n = 33) changed their growth direction and were attracted by ZmEA1-GFP-expressing Arabidopsis ovules as shown in Figures 3A-3D . Growth of PTs was arrested after guidance at (33.3% [n = 11]) or close to (18.2% [n = 6]) the micropylar opening of ovules ( Figures 3D and 3I ). Only these two categories were considered as guided PTs. A total of 33.3% of PTs (n = 11) were not attracted by transgenic ovules, and only a few of them (n = 3 [9% of total analyzed PTs]) grew toward WT ovules without being arrested. Moreover, 15.2% (n = 5) of the total monitored PTs changed direction toward transgenic ovules but did not cease growing ( Figure 3I) . Because of the small size of the micropylar opening (around half of the diameter of a maize PT) of Arabidopsis ovules, tubes might not have been capable of entering the ovule. However, the observed growth arrest might also have occurred as a result of the highest concentration of ZmEA1-GFP at the micropyle phenocopying the effect that has been found for the synthetic ZmEA1 ( Figures 1A-1F) . WT or free-GFPexpressing Arabidopsis ovules were not capable of attracting maize PTs (Figures 3E-3I) . None of the maize PTs was attracted by Arabidopsis ovules and ceased to grow. Only a few maize PTs seemed to grow toward the micropyle of WT (n = 4 [15.4%]) or free-GFP-expressing (n = 2 [18.2%]) Arabidopsis ovules, but they continued to grow without arrest ( Figure 3I ). We performed semi-in-vivo PT guidance assays as controls to show that competent Arabidopsis PTs were attracted by both WT and ZmEA1-GFP-expressing Arabidopsis ovules; the fact that the PTs were attracted by both ovules indicates that there was neither an obvious morphological difference nor a functional difference between both types of ovules ( Figures S3A-S3D) .
We further used the Arabidopsis PTCA to study the species specificity of the maize PT attractant ZmEA1. PT growth behavior of the closest maize relative, Tripsacum dactyloides, was monitored in the presence of WT and ZmEA1-GFPexpressing Arabidopsis ovules. In the two types of assays, the majority of PTs were not attracted by either the transgenic ovules (85% of PTs [n = 17]) or the WT ovules (85% of PTs [n = 17]) within a distance of less than 100 mm ( Figure 3J and Figures S3E-S3L ). Fifteen percent of PTs (n = 3) changed growth direction toward the micropyle of ZmEA1-GFPexpressing ovules, but only 10% ceased to grow at or close to the micropylar opening, whereas 5% continued to grow. When only WT ovules were used, 5% of T. dactyloides PTs seemed to be attracted and stopped growing at the micropylar opening of ovules, whereas 10% continued to grow. These A maize ZmEA1-GFP precursor protein was expressed in Arabidopsis ovules under the control of the synergid-cell-specific promoter MYB98. Propidium iodide was used for counterstaining so that nuclei and cell structures could be visualized. Two examples (A and B as well as C and D) show ZmEA1-GFP localization within the cytoplasm and small vesicles in the synergid cells; the strongest signals are in the filiform apparatus. The corresponding control (E and F) with free GFP is expressed in the cytoplasm under the control of the synergid-cell-specific promoter MYB98. The overlay between green and red channels is shown in (A), (C), and (E), and the overlay between green and bright-field channels is shown in (B), (D), and (F). The following abbreviations are used: ccn, central-cell nucleus; ch, chalazal region of the ovule; ecn, egg-cell nucleus; fa, filiform apparatus; mp, micropyle; sc, synergid cell; sn, synergid nucleus. Scale bars represent 10 mm. See also Figure S2 .
observations indicate that micropylar guidance and growth arrest of T. dactyloides PTs are not notably influenced by ZmEA1-GFP secretion from Arabidopsis ovules. These observations support findings in dicotyledonous species with excised Arabidopsis and Torenia ovules as well as with LURE peptides, suggesting that micropylar or short-range PT guidance is species preferential [4, 5, 9] . However, the finding that Tripsacum PTs are able to fertilize maize ovules at a high frequency in vivo [23] might indicate that PTs of this species require a growth phase during the transmitting tract to become competent to recognize female-derived signals similar to reports from Torenia, Arabidopsis, and other wild dicot plant species [24, 25] . Cultivated species such as maize have been selected for hundreds of years for inbreeding and might have lost this prerequisite, as shown by the finding that >50% of maize PTs fully germinated and grown in vitro were capable of finding the Arabidopsis source of ZmEA1.
In summary, we present evidence that ZmEA1 is a speciespreferential direct attractant of PTs in maize. It binds to the subapical region of PT tips and arrests their growth at higher concentrations. Moreover, we show that secreting ZmEA1 from Arabidopsis synergid cells enabled Arabidopsis ovules to attract maize PTs in vitro, indicating that it is generally possible to overcome wide crossing barriers by combining genetic engineering with the tools currently being developed in plant reproduction research. Once the ZmEA1-ligandreceptor complex is identified, it might be possible for the research community to introduce the whole complex into (I) Statistical analysis of the maize PTCA shows that in contrast to free-GFP-expressing Arabidopsis ovules (MYB98:GFP) and to WT Arabidopsis ovules, >50% of maize PTs are attracted by the ZmEA1-GFP-expressing Arabidopsis ovules (MYB98:EA1-GFP). (J) Statistical results from a PTCA with PTs of the maize relative Tripsacum dactyloides. Only 10% of monitored PTs were attracted and stopped at Arabidopsis ovules expressing the ZmEA1-GFP fusion protein, whereas 5% of PTs grew and stopped at the micropylar region of WT ovules. Striped and black columns show maize and Tripsacum PTs that stopped at or close to, respectively, the micropylar opening of Arabidopsis ovules. Dark-gray columns indicate PTs that were not attracted, whereas light-gray columns show PTs that grew toward the micropylar region but did not stop growing. The following abbreviations are used: EA1-GFP, ZmEA1-GFP-expressing Arabidopsis ovule; MP, micropyle; PT, pollen tube; PTCA, PT competition assay; and WT, wild-type Arabidopsis ovule. Scale bars represent 50 mm. See also Figure S3. various grass species for usage as a tool for future plant breeding programs to overcome species-specific micropylar prezygotic crossing barriers and to enable hybridization between plant genera that cannot be crossed today.
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